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Observation of cation ordering and anion-mediated
structure selection among the layered double
hydroxides of Cu(II) and Cr(III)†
K. Jayanthi and P. Vishnu Kamath*
Highly ordered Cl− and SO4
2−-intercalated layered double hydroxides (LDHs) of Cu(II) and Cr(III) are
obtained when coprecipitation is carried out at low pH ∼ 5 and elevated temperature (60–80 °C). Precipi-
tation under other conditions results in the formation of a gel. The SO4
2−-LDH exhibits weak reﬂections
which could be indexed to the 100 and 101 planes of a supercell corresponding to a =√3 × ao, providing
direct evidence for cation ordering among LDHs by X-ray diﬀraction. The ordering of the M(II) and M’(III)
in the metal hydroxide layer has been a subject of considerable debate in the LDH literature for the past
several years and was earlier probed using short-range techniques such as NMR and EXAFS. Rietveld
reﬁnement indicates that the cation-ordered LDH adopts the structure of the 1H polytype (space group
P3ˉ, a = 5.41 Å, c = 11.06 Å). In contrast the Cl−-intercalated LDH adopts the cation-disordered structure of
the 3R1 polytype (space group R3ˉm, a = 3.11 Å, c = 23.06 Å). The Cl
−-LDH was used as a precursor to syn-
thesize LDHs with other anions. While Br− and CO3
2− (molecular symmetry, D3h) select for the 3R1 poly-
type, the XO3
− (X = Br, I) ions (molecular symmetry, C3v) select for the rare 3R2 polytype. This work
demonstrates the role of the intercalated anion in structure selection of the LDH.
Introduction
Layered double hydroxides are a class of synthetic anionic
clays, having the formula [MII1−xM′
III
x(OH)2](A
n−)x/n·yH2O
(MII = Mg, Fe, Ni, Co, Cu, Zn; M′III = Al, Cr, Fe; 0.2 ≤ x ≤ 0.33;
y = 0.5–1), A is an anion and x = [M′III]/([M′III] + [MII]).1 We
abbreviate the LDH composition as [M–M′–A]x. The structure
of these materials is derived from that of mineral brucite, Mg-
(OH)2. Brucite comprises a hexagonal close packing of OH
−
ions in which Mg2+ ions occupy alternate layers of octahedral
sites. Thus, the structure can be described as a stacking of
charge neutral layers having the composition [Mg(OH)2]. In
LDHs, a fraction, x, of Mg2+ ions is isomorphously substituted
by a trivalent ion, by virtue of which the metal hydroxide layer
acquires a positive charge. This charge is compensated by
incorporation of anions along with water molecules in the
interlayer.2 Due to its layered structure, LDHs exhibit poly-
typism3 and stacking disorders.4
On account of the anisotropy in bonding, LDHs are useful
anion exchange materials.5 A variety of anions can be inter-
calated in the interlayer of these materials including simple in-
organic anions, metal complexes, organic molecules,
surfactants and drug molecules. By virtue of their anion
exchange property, these materials have diverse functions and
are used as catalysts, sorbents, sensors, fire retardants, drug
delivering agents, antacids, molecular sieves, in water deconta-
mination, carbon dioxide sorption and synthesis of bio-
hybrids. The numerous applications of LDHs are reviewed in
detail elsewhere.6–8
There is considerable debate in the literature on the posi-
tion of the trivalent cation relative to the divalent cation within
the metal hydroxide layer. A random substitution of the Mg2+
ions would suggest an a-parameter comparable to that of
Mg(OH)2 (ao = 3.13 Å), which decreases with an increase in x
according to Vegard’s law. An ordered distribution of the tri-
valent cations would generate a supercell with a = √n × ao,
where n is the total number of cations in the unit cell. Paul-
ing’s rule9 forbids trivalent cations from occupying neighbour-
ing sites within the metal hydroxide layer. Consequently,
LDHs with compositions x ≤ 0.25 could crystallize with both
cation-ordered as well as cation-disordered metal hydroxide
†Electronic supplementary information (ESI) available: PXRD pattern of the [Cu–
Cr–Cl] LDH obtained by coprecipitation at pH 5, T ∼ 27 °C, IR spectra and
TG-DTG data of [Cu–Cr–A] LDHs are given as ESI. CCDC 935895 for [Cu–Cr–Cl]
LDH, 935894 for [Cu–Cr–CO3] LDH, 935902 for [Cu–Cr–Br] LDH and 938027 for
[Cu–Cr–SO4] LDH. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c3dt50678a
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layers. In instances where x > 0.33, two structure models are
envisaged:
(i) the excess trivalent ions could occupy neighbouring
cation sites in violation of Pauling’s rules10–12 or
(ii) cation vacancies could ring-fence the trivalent cation
sites from other cations of the same charge.13
In either case, there would be considerable cation disorder
in the metal hydroxide layers. From a crystal chemical perspec-
tive, cation ordering is most likely when x = 0.33. Despite this,
there is no experimental evidence to date of cation ordering
from powder diﬀraction studies. There could be many reasons
for this:
(i) the supercell reflections could be weak,
(ii) the incidence of stacking faults and other general
sources of disorder could further adversely aﬀect the intensity
of the supercell reflection,
(iii) comparable scattering power of the divalent and tri-
valent ions could obliterate their identity in powder diﬀraction
and
(iv) there could be non-uniformity in composition between
diﬀerent crystallites.
Indeed, Roussel and co-workers14 have calculated the inten-
sity of the supercell reflection to be ∼0.1% of the most intense
reflection, driving it below the detection limit of laboratory
diﬀractometers. So the absence of supercell reflections cannot
be taken as evidence for cation disorder in the metal hydroxide
layer.
There is strong evidence for local ordering of cations from
EXAFS14,15 and NMR investigations16,17 as these techniques
provide information complementary to X-ray diﬀraction. While
powder diﬀraction gives the average long-range structure
including the eﬀects of order/disorder in the interlayer, EXAFS
at the metal K edge yields the intralayer structure, although
with poorer resolution of diﬀerent interatomic distances.
In an attempt to find direct evidence for ordering of cations
within the metal hydroxide layer, in this paper, we have
chosen to investigate the [Cu–Cr–A]0.33 system for the following
reasons:
(i) Cu2+ being a Jahn–Teller ion is not expected to share the
same site as that of Cr3+, which prefers a more symmetric
coordination and
(ii) the [Cu–Cr] LDH is known to crystallize in the fixed
composition, x = 0.33.
The [Cu–Cr] LDH was reported earlier for its sensitivity to
ambient humidity.18 The basal spacing varies with changes in
the relative humidity showing a facile reversible exchange of
the intercalated water for atmospheric moisture. The [Cu–Cr]
LDH was also reported to intercalate the CrO4
2− ion selectively
from an aqueous solution of Cr2O7
2− ions, thereby revealing
the high alkalinity prevailing in the interlayer region.19
In this study, a variety of anions were incorporated with a
view to examine if anions could be ordered within the inter-
lamellar space and a wide matrix of precipitation conditions
was explored to synthesize ordered LDHs. We show that the
sulfate-intercalated [Cu–Cr] LDH is cation ordered with a =
√3 × ao. In addition, we show that anions of diﬀerent mole-
cular symmetries select for diﬀerent polytypes. We refine the
structures of [Cu–Cr] LDHs with diﬀerent intercalated anions.
Results
The [Cu–Cr] LDHs were synthesized by diﬀerent techniques
including coprecipitation and exchange (Table 1). From a
knowledge of the anion content [An−], the [Cr] was determined
as x = n × [An−]. This yields the formula of the dehydrated LDH
as [Cu1−xCrx(OH)2][A
n−]x/n. The mass loss expected of the de-
hydrated LDH was computed assuming the decomposition to
take place as
½Cu1xCrxðOHÞ2½Anx=n ! ð1 xÞCuOþ x=2Cr2O3:
The TGA data of the LDHs do not show well resolved mass
loss steps in all cases. Therefore only the total mass loss was
considered and compared with the mass loss computed for
the dehydrated LDH. The diﬀerence in the observed and com-
puted mass loss is attributed to the intercalated water content
to obtain approximate formulae for all the LDHs (Table 2). The
analyses indicate that the LDHs formed with [Cu]/[Cr] ratio
close to 2. The [Cu/Cr] ratio estimated by AAS was also in the
neighbourhood of 2, within experimental errors. The observed
Bragg reflections in °2θ and their assignments are shown in
Table 3.
Table 1 Conditions used for the synthesis of [Cu–Cr] LDHs
Coprecipitation
LDH Source of αnion Temperature Drying conditions
[Cu–Cr–Cl] KCl 80 °C 60 °C
[Cu–Cr–SO4] Na2SO4 60 °C Desiccator containing CaCl2
Anion exchange
Precursor Source of anion Temperature Drying conditions
[Cu–Cr–Cl] KBr Room temp. 60 °C
Na2CO3 Room temp. 60 °C
KIO3 90 °C Desiccator containing CaCl2
KBrO3 90 °C Desiccator containing CaCl2
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Given the high solubility of ambient CO2 in natural water
bodies and the intrinsic aﬃnity of metal hydroxide for CO2,
CO3
2− intercalated phases are ubiquitous among both syn-
thetic and naturally occurring LDHs. Consequently they are
the best characterized among all the LDHs.20 Therefore the
PXRD pattern of the [Cu–Cr–SO4] LDH is compared with that
of the [Cu–Cr–CO3] LDH (Fig. 1). The structure of the latter
was refined by a Rietveld fit of the observed pattern using the
published structure of [Mg–Al–CO3] LDH (CCDC No. 81964) as
the model. The results (Tables 4 and 5) show that the Cu2+ and
Cr3+ occupy a single site (3a) yielding a cation disordered
metal hydroxide layer (ao = 3.10 Å).
This structure yields a single M(Cu, Cr)–O1 (O1: oxygen of
the hydroxyl group) bond distance showing that the metal–
oxygen coordination polyhedron is symmetric. The departure
of the O1–M(Cu, Cr)–O1 bond angle from 90° indicates a D3d
coordination symmetry which is in keeping with the R3ˉm
symmetry of the space group.21 The observation of strong 01l
(l = 2, 5, 8) reflections (Table 3) in the PXRD pattern indicates
the structure to be of the 3R1 polytype, which comprises the
stacking sequence ⋯AC-CB-BA-AC⋯ of the metal hydroxide
layers. The stacking of metal hydroxide layers in LDHs is
mediated by anions in the interlayer. CO3
2− with D3h molecular
symmetry mediates the stacking of layers that generates trigo-
nal prismatic interlayer sites also having the local symmetry,
D3h (Fig. 2).
20 The C atom occupies the center of the prismatic
interlayer site (6c), and the O atoms of the CO3
2− (18h) are
approximately in line with the hydroxyl group of the adjacent
metal hydroxide layers. This enhances H-bonding between the
oxygen of the carbonate ion (O2) and the hydroxyl ions of the
metal hydroxide layer. The 18h site is shared with the oxygen
of the intercalated water molecule as well.
The single major diﬀerence between the CO3
2−-LDH and
the SO4
2−-LDH is the appearance of a pair of weak reflections
at 18.9° 2θ and 20.5° 2θ, respectively, in the latter, which
cannot be indexed to any of the known cation disordered struc-
tural models. However, the pattern could be indexed to a unit
cell with a = 5.41 Å (a = √3 × ao) and c = 11.05 Å. This larger
a-parameter corresponds to a cation ordered metal hydroxide
layer. The two weak reflections are indexed as 100 and 101 of
the larger cell. The appearance of a series of strong 11l (l = 2,
3, 4, 5) reflections (Table 3) indicates the hexagonal symmetry
of the crystal. Given that cation-ordering is likely to lower the
crystal symmetry, we identified the space group P3ˉ as the one
most closely related to the R3ˉm space group. In the P3ˉ space
group, Cu2+ and Cr3+ occupy crystallographically distinct sites
Table 2 Composition of the LDHs
LDH [Cu/Cr]a Anion content Water content Approximate formula
[Cu–Cr–SO4] 1.80 (1.90) 0.180 1.922 [Cu0.64Cr0.36(OH)2](SO4)0.18·1.92H2O
[Cu–Cr–CO3] 2.0 (2.0) 0.166 1.9 [Cu0.66Cr0.33(OH)2](CO3)0.17·2.4H2O
[Cu–Cr–IO3] 1.96 (1.94) 0.338 1.06 [Cu0.66Cr0.34(OH)2](IO3)0.33·1.06H2O
[Cu–Cr–Cl] 2.0 (1.96) 0.188 0.58 [Cu0.66Cr0.33(OH)2][Cl0.18(OH)0.15]·0.58H2O
[Cu–Cr–Br] 1.98 (1.94) 0.335 0.785 [Cu0.66Cr0.33(OH)2]Br0.33·0.78H2O
a [Cu/Cr] ratio is determined by x = n × [An−]. Values in parentheses are obtained from AAS measurements.
Table 3 Observed 2θ values (degrees) of [Cu–Cr–A] LDHs with corresponding indices obtained using PROSZKI
[Cu–Cr–SO4] [Cu–Cr–CO3] [Cu–Cr–IO3] [Cu–Cr–BrO3] [Cu–Cr–Cl] [Cu–Cr–Br]
a = 5.40 Å a = 3.10 Å a = 3.10 Å a = 3.10 Å a = 3.10 Å a = 3.11 Å
c = 11.05 Å c = 22.58 Å c = 29.7 Å c = 29.78 Å c = 23.06 Å c = 23.62 Å
FM = 23.84 FM = 36.76 FM = 24.29 FM = 56.40 FM = 70.28 FM = 24.13
2θ/° hkl 2θ/° hkl 2θ/° hkl 2θ/° hkl 2θ/° hkl 2θ/° hkl
8.0 001 11.7 003 8.9 003 8.9 003 11.5 003 11.2 003
16.1 002 2.6 006 17.9 006 17.9 006 23.1 006 22.6 006
19.0 100 33.6 101 27.0 009 27.0 009 33.5 101 33.4 101
20.6 101 34.3 102 33.4 101 33.5 101 34.1 102 34.1 102
24.2 003 37.0 104 35.5 104 35.6 104 36.9 104 38.4 105
33.2 110 39.0 105 39.6 107 45.5 10 10 38.8 105 45.6 108
34.2 111 43.8 107 45.5 10 10 59.7 110 46.1 108 59.3 110
37.0 112 46.6 108 59.6 110 52.2 10 10 60.6 113
41.4 113 52.9 10 10 60.3 113 55.5 10 11 64.3 116
47.1 114 56.3 10 11 59.5 110
53.5 115 59.6 110 60.8 113
59.2 300 60.9 113
59.9 301 64.9 116
60.8 116
61.7 302
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(2d and 1a) as shown in Fig. 3a. The structure was refined
using the newly suggested structure model.22
SO4
2− in the interlayer is ordered in a bilayer arrangement
(Fig. 3b) corresponding to a basal spacing of 11.03 Å. There are
two diﬀerent bond lengths for Cu–O1 (2.13 and 2.03 Å) as the
coordination polyhedron around the Cu atom is distorted; one
of the triangular faces forming the “octahedron” is smaller
than the other. In contrast there is only one bond length for
the Cr–O1 bond (1.90 Å) showing a more symmetric coordi-
nation around the Cr atom. Thereby the coordination poly-
hedron around Cr retains 3ˉ symmetry while the coordination
symmetry around Cu is reduced to 3. Cations are arranged in
an ordered array with each Cr3+ cation having six Cu2+ neigh-
bours and each Cu2+ cation having three Cu2+ and three Cr3+
neighbours.
Sulfate intercalates with one of its C3 axes, also the S–Oa
(a: apical) bond parallel to the stacking direction yielding
the coordination symmetry C3v. The S atom of SO4
2− occupies
octahedral interlayer site (2c) (Fig. 3b) formed by the upper
and lower hydroxyl O atoms and Oa occupies the 2c site. The
other oxygen atoms of SO4
2−, Ob (b: basal) share their site (6g)
with the oxygen of the intercalated water molecules. The Ob
are oriented towards the layer hydroxyl groups (Fig. 3b) pro-
moting hydrogen bonding between the layer and interlayer.
There is no H-bonding between Oa of SO4
2− and O atom of
hydroxyl groups, thus the S–Oa bond length is shorter than
S–Ob. The deviation in O–S–O bond angles (116, 101°) from
the tetrahedral bond angle (109°) in free SO4
2− is due to its
interaction with the layer.
Other cation ordered LDHs described in the literature are
the mineral nikischerite23 and green rust.24 These LDHs also
contain intercalated Na+ ions which are arranged in an orderly
fashion in the interlayer gallery. The origin of the supercell
reflections in the PXRD patterns of these LDHs is attributed to
Fig. 1 Rietveld ﬁts of the PXRD patterns of (a) [Cu–Cr–CO3] LDH and (b) [Cu–Cr–SO4] LDH.
Table 4 Result of the Rietveld reﬁnements of [Cu–Cr–A] LDHs
LDH SO4
2− CO3
2− Cl− Br−
Crystal system Hexagonal Rhombohedral Rhombohedral Rhombohedral
Space group P3ˉ R3ˉm R3ˉm R3ˉm
Cell parameters/Å a = 5.4082(5) a = 3.10490(21) a = 3.10851(22) a = 3.11458(32)
c = 11.0557(17) c = 22.5874(15) c = 23.0642(13) c = 23.6225(22)
V/Å3 280.04(8) 188.57(2) 193.007(22) 198.45(4)
Data points 4221 4249 4200 4107
Reflections fitted 34 36 32 37
Rwp 0.097 0.082 0.073 0.092
Rp 0.080 0.065 0.059 0.073
R(F2) 0.216 0.090 0.129 0.132
Reduced χ2 2.31 1.91 1.72 1.53
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the ordering of Na+ ions in the interlayer. In the mineral
nikischerite the [MII]/[Na] ratio is 6 while in green rust, the
[Fe]/[Na] ratio is 9. The Na+ content of our sample is low and
[Cu2+]/[Na] ≈ 121. For all practical purposes, the [Cu–Cr–SO4]
LDH is Na-free, whereby the supercell reflections arise due to
the intrinsic cation ordering within the metal hydroxide layer,
rather than due to the ordering of Na+ ions in the interlayer.
The PXRD patterns of IO3
− and BrO3
− LDHs (Fig. 4)
are indexed to the comparatively rare 3R2 polytype, with
characteristic 10l (l = 1, 4, 7, 10) reflections (Table 3) while 01l
(l = 2, 5, 8) reflections are extinguished. The 3R2 polytype com-
prises the stacking sequence ⋯AC-BA-CB-AC⋯ of the metal
hydroxide layers. However, the crystallinity of the samples is
too low to carry out structure refinements for either IO3
− and
BrO3
− LDHs. The XO3
− (X = Br, I) have a low charge to size
ratio and are poor bases making them weak H-bonding ions.
Thereby, they destabilize the LDH if located in the prismatic
interlayer site. However the octahedral interlayer site provides
greater packing eﬃciency thus stabilizing the LDH.
The Cl− and Br− containing LDHs (Fig. 5) exhibit strong 01l
(l = 2, 5, 8) reflections (Table 3) indicating that they crystallize
in the structure of the 3R1 polytype. The crystallinity of the Cl
−
LDH was found to greatly improve with an increase in
the temperature at coprecipitation. Compositional analysis
however reveals that when the temperature of coprecipitation
increases, the Cl− content decreases and hydroxyl ions are
intercalated from the supernatant. Structure refinement was
undertaken for the sample obtained at 80 °C and hydrother-
mally treated in the mother-liquor at 140 °C, having an inter-
layer composition [Cl0.18(OH)0.15(H2O)0.36] using the model
reported by Besse and co-workers.14 In this model, the inter-
calated Cl− ions are located in the 18g site and the oxygen atom
of the intercalated water (O2) occupies the 36i site. The 18g site
is closely related to the 18h site in that they generate a set each
of six symmetry related positions hexagonally around the mid-
point of the line joining the hydroxyl groups of adjacent metal
hydroxide layers. The two hexagons are rotated by 30° relative to
one another. The 36i site is a general position (x, y, z). The occu-
pancy of Cl− was fixed according to its experimentally deter-
mined composition and the refinement was carried out. At this
stage of the refinement, the diﬀerence Fourier map was com-
puted to obtain the residual electron density. A maximum in
the residual electron density was observed at the 3b position
(0, 0, 0.5). The O3 atom, corresponding to the intercalated
hydroxyl ion was included in this position and its occupancy
refined. The resultant fit is satisfactory with a featureless diﬀer-
ence profile. It is gratifying to observe that although consider-
able electron intensity was placed in the general position,
diﬀerence Fourier indicated the presence of an atom at a
special position, 3b. The 3b site is closest to the hydroxyl
oxygen (O1) and is most suited for strong hydrogen bonding
with the metal hydroxide layer. The occupancies of Cl and O3
after refinement are equal to the expected layer charge. The
occupancy of O2 however exceeds the measured intercalated
water content. The results are given in Fig. 6 and Tables 4–6.
The structure of the Br−-LDH was refined using the model pro-
posed for the [Zn–Al–Br]0.33 LDH.
25 In this model, the Br− ion is
distributed in two sites, namely 6c and 18h (Fig. 7).
Discussion
The layer–interlayer bonding depends on:
(i) Coulombic interaction between the positively charged
metal hydroxides layer and the negatively charged interlayer and
Table 5 Reﬁned atomic position parameters of [Cu–Cr] LDHs
LDH Atom Site x y z SOF
[Cu–Cr–SO4] Cu 2d 0.6667 0.3333 0.000 0.333
Cr 1a 0.000 0.000 0.000 0.334
O1 6g 0.3155 0.3015 0.0823 0.3335
S 2c 0.000 0.000 0.365 0.084
O2 2c 0.000 0.000 0.48516 0.084
O3 6g 0.000 0.25 0.34 0.2793
O4 6g 0.666 0.3333 0.714 0.0320
[Cu–Cr–CO3] Cu 3a 0.000 0.000 0.000 0.6667
Cr 3a 0.000 0.000 0.000 0.3333
O1 6c 0.000 0.000 0.3788 1.0
O2 18h 0.1135 0.8864 0.5000 0.171
C 6c 0.3333 0.6667 0.5 0.0839
[Cu–Cr–Cl] Cu 3a 0.000 0.000 0.000 0.6667
Cr 3a 0.000 0.000 0.000 0.3333
O1 6c 0.000 0.000 0.38017 1.0
Cl 18g 0.32638 0.000 0.5 0.03171
O2 36i 0.37494 0.07491 0.51918 0.06084
O3 3b 0.000 0.000 0.5 0.148
[Cu–Cr–Br] Cu 3a 0.000 0.000 0.000 0.6667
Cr 3a 0.000 0.000 0.000 0.3333
O1 6c 0.000 0.000 0.3761 1.0
O2 18h 0.1524 −0.1524 0.5 0.0771
Br1 18h 0.1524 −0.1524 0.5 0.0276
Br2 6c 0.000 0.000 0.16291 0.08409
Fig. 2 (a) Structure of the cation disordered [Cu–Cr–CO3] LDH. (b) The structure
viewed down the c-axis showing the C atom in the prismatic interlayer site. The
upper and lower hydroxyl O atoms are shown by symbols of diﬀerent size for
clarity.
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Fig. 4 PXRD pattern of (a) [Cu–Cr–IO3] LDH and (b) [Cu–Cr–BrO3] LDH.
Fig. 5 Rietveld ﬁts of the PXRD patterns of the (a) [Cu–Cr–Cl] LDH and (b) [Cu–Cr–Br] LDH.
Fig. 3 (a) The structure of the layer showing two distinct sites for Cu and Cr atoms. (b) Structure of the cation ordered [Cu–Cr–SO4] LDH. (c) The structure viewed
down the c-axis showing the S atom in the octahedral interlayer site formed by upper and lower hydroxyl O atoms of adjacent layers.
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(ii) H-bonding between the hydrogen atom of the hydroxyl
group and the anion in the interlayer.
[Cu–Cr–X−] LDHs
In the case of monoatomic anions, X−, the H-bonding ability
is determined by the electronegativity of the halogen. Of the
two halides used in this work, Cl− is a stronger H-bonding
species than Br−. The 3b site, which appears at the midpoint
of the line joining the OH groups of adjacent layers is the best
suited for H-bonding with the metal hydroxide layer. However,
mutual repulsion between the anion in the layer causes the
Cl− ions to shift from 3b to 18g/h, which represent the best
compromise of the various forces at play within the interlayer.
The migration of the Cl− ions to a site of greater degeneracy
causes disorder in the interlayer and powder diﬀraction is not
equal to the task of distinguishing the 18h site from 18g.
Besse and co-workers14 favor the 18g site and we have adopted
the same model in this work.
Within the metal hydroxide slab, the location of positive
charge is at the metal. The interlayer site most proximal to the
metal is 6c, which is also the center of the trigonal prismatic
interlayer site. The Br− ion, given its large size and polarizabil-
ity is a poor H-bonding species and is therefore partially
located in the 6c site. The work of Taviot-Gueho and co-
workers26 on [Zn–Al–I] LDH has demonstrated the validity of
this model by an array of complimentary experimental
techniques.
[Cu–Cr–XOn] LDHs
The strength of the hydrogen bonding between the oxoanions
and the metal hydroxide layer depends on the compatibility of
the molecular symmetry of the anion with interlayer site sym-
metry.27 Both SO4
2− and XO3
− (X = Br, I) ions have a coordi-
nation symmetry C3v which is a subset of the interlayer site
symmetry D3d formed in 1H and 3R2 polytypes and thereby
mediate the growth of these polytypes. In contrast, the carbon-
ate ion (molecular symmetry D3h) mediates the growth of the
3R1 polytype, which has an interlayer site, also of D3h symmetry.
The additional feature of the SO4
2−-LDH is the observation
of cation order. Whereas the intralayer cation ordering is pre-
dicated by Pauling’s rule, the interlayer ordering is fortuitous.
There are many cation ordered LDHs, specially among the [Li–
Al–A] LDHs, but in these systems the interlayer ordering of Li
is not observed. From the point of view of the Li position,
these LDHs have a periodic stacking of metal hydroxide layers
without any registry about the stacking direction.28 Such an
arrangement of layers yield only the 2-D 10 reflection, with a
sawtooth line shape, also called Warren broadening,29 that is
so characteristic of turbostratic disorder. In such materials
only the 100 reflection is observed. In the case of the SO4
2−-
LDHs described in this work, both 100 and 101 reflections are
observed. The latter reflection is testimony to the ordering of
cations in the stacking direction as well.
Ordering of cations in the stacking direction, generates
many more polytypes than are envisaged in cation-disordered
systems, which are more fully described in recent papers of
Krivovichev and co-workers.3,30 The basal spacing observed in
the present instance corresponds to a one-layer polytype, indi-
cating that the Cr3+ atoms are in a single line parallel to the
stacking direction (Fig. 3).
In the context of SO4
2−-LDHs, we ask the question: What is
the origin of the distortion that arises in the coordination poly-
hedron around Cu (note the two Cu–O1 bond lengths)? Cu2+ is
a known Jahn–Teller ion and does not adopt octahedral
coordination. Within the LDH structure given the structural
anisotropy, the idealized metal coordination symmetry is D3d,
but even within D3d symmetry, the d-orbitals are split into eg
(dx2−y2, dxy) < a1g (dz2) < eg (dxz, dyz) in increasing order of
energy. As the highest level remains two-fold degenerate, Cu2+
with d9 configuration continues to be a Jahn–Teller ion even
within the D3d symmetry. This calls for reduction in the coordi-
nation symmetry from the ideal D3d. The distortion of the
coordination around Cu can potentially take place by (i) the
displacement of Cu from the centre of coordination poly-
hedron or (ii) by the non-uniform distension of the layer of
hydroxyl ions. In the latter model, two distinct non-bonded in-
plane O1–O1 distances would be generated. An examination of
the structure shows that Cu atom in 2d (2/3, 1/3, 0) is not acen-
tric and is on the same plane as Cr in the 1a (0, 0, 0) site.
Such a distortion reduces the coordination symmetry to C3v.
Table 6 Reﬁned bond distances and bond angles of the [Cu–Cr] LDHsa
LDH Distance/Å Angle/°
[Cu–Cr–SO4] Cu–O1 2.13258(18) O1–Cu–O1 101.529(5)
Cu–O1 2.03429(17) O1–Cu–O1′ 82.936(4)
Cr–O1 1.90153(16) O1–Cr–O1 99.007(5)
S–O2 1.32848(20) O1–Cr–O1′ 80.993(5)
S–O3 1.38001(13) O2–S–O3 101.554(2)
O1–O1 2.7585 O3–S–O3 116.093(1)
O1–O1 2.4679
O1–O1* 3.1500
O1–O1* 3.3392
[Cu–Cr–CO3] (Cu, Cr)–O1 2.06652(11) O1–(Cu, Cr)–O1 97.3954(30)
C–O2 1.18198(8) O1–(Cu–Cr)–O1′ 82.6046(30)
O1–O2 2.8046 O2–C–O2 120.0001
O1–O1* 3.1048
O1–O1 2.7261
(Cu, Cr)–O2 4.0821
[Cu–Cr–Cl] (Cu, Cr)–O1 2.09474(11) O1–(Cu, Cr)–O1 95.8007(30)
(Cu, Cr)–O2 3.6095 O1–(Cu–Cr)–O1′ 84.1993(30)
(Cu, Cr)–O3 4.2387
(Cu, Cr)–Cl 3.9817
O1–O1 2.7988
O1–O1* 3.1000
O1–O2 2.5584
O1–O3 2.7664
O1–Cl 2.9456
[Cu–Cr–Br] (Cu, Cr)–O1 2.06360(17) O1–(Cu, Cr)–O1 97.989(4)
O1–O1 2.7121 O1–(Cu–Cr)–O1′ 82.011(4)
O1–O1* 3.1044
O1–(O2, Br1) 3.0073
(O2, Br1)–(O2, Br1) 2.435750(25)
(Cu, Cr)–Br2 3.8451
O1–Br2 3.3477
(O2, Br1)–Br2 1.56182(16)
(Cu, Cr)–O2 4.0304
aO1–O1* – in-plane O1–O1 distances; O1–O1 – out of plane O1–O1 distances.
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However in this reduced symmetry too, the degeneracy and
ordering of the d-orbitals remains unchanged. Clearly further
distortion is necessary to lift the degeneracy of the dxz and dyz
orbitals (e levels in C3v). This is provided by a slight rotation of
a pair of opposite triangular faces of the [Cu(OH)6] coordi-
nation polyhedron relative to one another (Fig. 8). This pair of
faces is normal to the c-axis of the crystal. This brings down
the coordination symmetry to C3, in which dxz and dyz orbitals
are single-fold degenerate. In keeping with this reduced sym-
metry, we also observe two non-bonded out of plane O1–O1
distances at 2.76 and 2.47 Å, and two in-plane non-bonded
O1–O1 distances at 3.15 and 3.34 Å, respectively. This causes a
non-uniform distension of the hexagonal array of hydroxyl
ions in the LDH structure.
A comparison of the structure of the cation-ordered [Cu–
Cr–SO4] LDH with that of the recently reported Zn
2+-analogue22
Fig. 7 (a) Structure of the [Cu–Cr–Br] LDH. (b) Structure of the interlayer showing the lower and upper hydroxyl O atoms of adjacent layers.
Fig. 6 (a) Structure of the [Cu–Cr–Cl] LDH. (b) Structure of the interlayer showing the lower and upper hydroxyl O atoms of adjacent layers.
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is revealing. As Zn2+ is a d10 cation, Jahn–Teller distortion of the
coordination polyhedron in not expected. In keeping with this
expectation, the distortion is much less. The Zn–O1 distances at
2.06 and 2.04 Å, respectively, diﬀer from one another by ∼1%,
whereas the corresponding distances in the Cu2+-analogue at
2.13 and 2.03 Å, diﬀer by ∼5%. The non-uniform distention of
the hexagonal array of hydroxyl ions is also much less in the
Zn2+-analogue. The question nevertheless arises, as to why there
should be any distortion at all in the coordination polyhedron
around Zn2+. There could be two possibilities.
(i) The distortion is an inevitable consequence of the choice
of the lower symmetry space group P3ˉ, compared to the more
conventional R3ˉm employed for the cation disordered struc-
ture. But to the extent that the distortion is minimum in the
Zn-analogue, the increased distortion in the Cu-LDH is attribu-
ted to the Jahn–Teller eﬀect.
(ii) In a manner, inverse to that extant in early transition-
metal d0-oxides,31 the filled d10 levels in Zn2+ could interact
with the hydroxyl pσ* band, donating partial electron density
to the latter. Such an interaction would result in an incomple-
tely filled eg level in Zn
2+, bringing about an Jahn–Teller like
distortion. In this case however the distortion would be slight.
Comparison of the structure of the CO3
2−-LDH (single non-
bonded in-plane O1–O1 distance at 3.11 Å) with that of the
SO4
2−-LDH suggests that the origin of the non-uniform disten-
sion of the hydroxyl layers in the latter is in the nature of a
two-dimensional Peierl’s distortion. Again, such a distortion
would result in stabilization only if the Cu–OH bond were not
fully ionic, that is if the O(2p) were not to be fully filled as is
the case with many d0/d1 oxides,31 which show distortion of
the metal coordination by virtue of the covalency of the M–O
bond. Cu2+ (d9 configuration) is expected to have many simi-
larities with the d1 cations.
Direct measurements of the enthalpy of formation of LDHs
suggest that the stability of a LDH is intimately connected with
the stabilities of the single cation hydroxides.32 In the case of
[Cu–Cr–A] LDHs, neither of the single cation hydroxides is
stable. Cr(III) forms Cr2O3·nH2O gel of uncertain compositions
while Cu(OH)2 adopts a spertinite structure (orthorhombic
crystal system), diﬀerent from that of brucite and undergoes
dehydration at or above neutral pH to yield tenorite CuO. Con-
sequently the [Cu–Cr] LDH prepared under most precipitation
conditions is highly disordered and is more appropriately
described as a gel (see ESI 1† for the PXRD pattern of the LDH
obtained by coprecipitation at pH 5, T ∼ 27 °C). A well defined
LDH with Bragg peaks ascribed to a layered structure is
obtained only when the precipitation is carried out at 60 °C or
above, as reported in this work, facilitating structure refine-
ment. The precise role of pH and temperature is not presently
clear, but is probably related to the generation of appropriate
precursor species by the hydrolysis of cations. The various
hydrolysis constants are not known with adequate precision33
to arrive at definitive conclusions about the precursor species.
Conclusion
Sulfate ion in the interlayer mediates the ordering of cations
within the metal hydroxide layers. There is no direct evidence
of cation ordering in LDHs comprising other anions from
powder diﬀraction. On the other hand, LDHs comprising
other anions adopt the structures of polytypes such as 3R1 and
3R2, which are derived from cation-disordered metal hydroxide
layers, thereby showing that these LDHs are cation disordered.
Anions mediate polytype selectivity as shown by the preference
of the 3R1 polytype by CO3
2− ions and 3R2 polytype by XO3
−
(X = Br, I) anions.
Experimental section
[Cu–Cr–A] LDHs (A = Cl−, SO4
2−) were prepared by dropwise
addition of a mixed metal ([Cu+2]/[Cr+3] = 2.0, 50 mL, total
metal concentration 0.6 M) chloride solution into a reaction
vessel containing (100 mL) of NaCl/Na2SO4 solution taken 10
times in excess of the stoichiometric requirement under vigor-
ous stirring. The pH of the reaction mixture was kept constant
at 5 ± 0.1 by simultaneous addition of NaOH (0.5 M) using a
Metrohm Model 718 STAT Titrino operating in the pH STAT
mode. The addition was carried out at 80 °C for the [Cu–Cr–
Cl] LDH and at 60 °C for [Cu–Cr–SO4] LDH. The resulting
solids were aged in mother-liquor (18 h) at the respective
precipitation temperatures. For the synthesis of the sulfate
containing LDH, ultrapure N2 gas was bubbled during precipi-
tation and ageing to avoid carbonate contamination. A part of
the solution (40 mL) was hydrothermally treated in Teflon-
lined stainless steel autoclaves in mother-liquor at 140 °C for
24 h and separated by centrifugation. The precipitate was
washed free of residual Na/K using warm deionized (Millipore
Academic water purification system), decarbonated water
(specific resistance 15 M ohm cm). The Cl−-LDH was dried at
60 °C and the SO4
2−-LDH over a desiccant.
The [Cu–Cr–Cl] LDH was used as precursor for the syn-
thesis of [Cu–Cr–A] LDHs (A = Br−, CO3
2−, IO3
− and BrO3
−) by
anion exchange. In a typical synthesis, about 0.25 g of the [Cu–
Cr–Cl] precursor was stirred with an aqueous solution of KBr,
Fig. 8 Construction of a portion of cation ordered [Cu–Cr–SO4] LDH with
regular (D3d) [Cr(OH)6] and distorted (C3) [Cu(OH)6] coordination polyhedron.
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Na2CO3, KIO3 or KBrO3 (40 mL) containing 10 times excess of
the stoichiometric requirement of the anion in an airtight con-
tainer for 24 h at the ambient temperature (25–27 °C). IO3
−
and BrO3
− incorporation was carried out at 90 °C. The product
LDH was washed with warm deionized, decarbonated water
and dried at 60 °C to constant mass. Conditions used for syn-
thesis are summarized in Table 1.
Characterization
All the samples were characterized by powder X-ray diﬀraction
(PXRD) using a Bruker D8 Advance powder diﬀractometer
(source Cu-Kα radiation, λ = 1.5418 Å). Data were collected at a
continuous scan rate of 1° 2θ min−1. For structure refinement
by the Rietveld method, data were collected over a 2θ range of
5–90° (step size 0.02° 2θ, counting time 10 s per step).
IR spectra of the samples were recorded using a Bruker
Alpha-P FTIR spectrometer (ATR mode, Diamond crystal
400–4000 cm−1, 4 cm−1 resolution) (see ESI 2†). Thermogravi-
metric analysis (TGA) studies were carried out using a Mettler
Toledo 851e TGA/SDTA system (see ESI 3†). The sample was equili-
brated at 100 °C for 1 h in the TG balance then the temperature
was ramped from 100 to 800 °C (heating rate 5 °C min−1, N2
atmosphere). The metal (Cu, Cr) content of all the LDHs was
determined by atomic absorption spectroscopy (Shimadzu
AA-6650 spectrometer). The Na content was determined by flame
photometry. Anion content was estimated by ion chromatography
(Metrohm Model 861 Advanced Compact ion chromatograph
fitted with a Metrosep A SUPP5 anion column and conductivity
detector). For determining the anion content, a pre-weighed
amount of the sulfate/bromide-LDH was dissolved in a minimum
amount of 0.01 M HCl and injected into the ion chromatograph.
Chloride/iodate containing LDHs were dissolved in 0.01 M
H2SO4. Standard solutions of the anions (Aldrich Chemical Co.,
USA) were used for calibrating the chromatograph response.
Computational studies
All PXRD patterns were indexed using the PROZSKI suite of
programs. Cell constants were refined using the programs
POWDER and TREOR. Later these lattice parameters were
refined to match all the observed reflections using the lattice
constant programme APPLEMAN built into the PROZSKI suite
and the Figure of Merit (FM) was determined. Rietveld refine-
ment was carried out using the GSAS software package. A TCH
pseudo-Voigt line shape function (Profile function 2) with
seven variables was used to fit the experimental profile. The
refinable profile parameters include asymmetric peak shape,
sample displacement, UG, VG, WG and XL, YL for Gaussian and
Lorentzian contributions, respectively. The background was
corrected using an eight coeﬃcient cosine Fourier series. For
the refinement of the structure of the [Cu–Cr–SO4] restraints
were placed on the S–O (1.4 ± 0.1 Å) bond length and O–S–O
bond angle (109° ± 1°) in the initial cycles of the refinement.
The position coordinates and SOF factors were refined one
atom at a time keeping the parameters of other atoms fixed.
This was done to obtain a stable refinement. In the final cycles
of the refinement, the restraints placed on the sulfate structure
were removed keeping the structure of the metal hydroxide
layer fixed. Attempts to refine the structure by freeing up all
the parameters at the same time did not lead to stable refine-
ment. In the case of other LDHs, no restraints were needed to
be imposed at any time during the refinement procedure.
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